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The beta decay of 2.0X 10'-yr Nb" has been investigated by means of a scintillation spectrometer. The
beta spectrum has an end-point energy of 470+6 keV and yields a linear Fermi-Kurie plot when a shape
factor of p +Xq~ (X=1.75&0.15) is applied. The shape factor indicates the transition is second-forbidden
non-unique, in accord with its logft value of 12. Additional measurements were made of electromagnetic
radiations from both Nb' decay and that of 6.6-min Nb'4~. No new transitions were observed, but more
precise energy determinations of the gamma rays emitted in the decay of Nb" were obtained. The results
of this study further support previously proposed spin and parity assignments.

In this investigation we undertook a measurement of
the spectrum shape in the beta decay of Nb" and a
survey of the low-energy electromagnetic radiations
emitted in the decay of 6.6-min Nb" . In addition, more
precise energy determinations of the gamma rays
emitted in the decay of Nb" were obtained.

I. INTRODUCTION

"PREVIOUS investigations' ' have shown that the
ground state of Nb'4 decays by beta emission with

a half-life of 2.0&10 yr to the 1.57-MeV excited state
of Mo' . This state in turn is de-excited by the emission
of cascade gamma rays of 0.70 and 0.87 MeV. Coulomb
excitation experiments4' have demonstrated that the
0.87-MeV level has a spin and parity of 2+, while the
results of a recent study by Reich, Schuman, and
Heath' have shown the most likely spin and parity of
the 1.57-MeV state of Mo~ to be 4+. Figure 1 gives
the basic decay scheme proposed by these authors for
both the decay of Nb'4 and the 6.6-min isomeric state,
Nb~, lying 41 keV above the ground state. The results
of further investigations reported here, which include
more precise values for the various beta- and gamma-
ray energies, are also incorporated in the decay scheme.

Reich et a/. ' point out that it is somewhat unexpected
to 6nd the decay of the 6.6-min Xb~ proceeding by an
E3 transition to the ground state and they suggest the
possibility of a low-lying intermediate level. Since the
spins and parities of the two states of Nb'4 as well as
the 1.57-MeV level of Mo94 have been assigned on the
basis of indirect evidence, it was felt that a further
study was worthwhile, especially if it included a direct
measurement of the spectrum shape for the beta decay
of 'Nb94. The maximum energy of this beta transition is
approximately 0.5 MeV' which, together with its
2.0X10-yr half-life, gives a logft=12. This indicates
that the beta transition can be characterized as either
BI=2(no) or DI=3(no). In general, the two possi-
bilities will produce differently shaped beta spectra. Xo
previous spectrum-shape measurement has been
reported.

II. INSTRUMENTATION AND SOURCES

A. Nb94

The beta spectrometer consisted of two treated
cylindrical Pilot-3 plastic scintillators (1s in. in diam
X s in. thick) which were optically coupled with a thin
layer (approximately 0.2 mg/cm') of liquid containing
the radioactive source. ' This scintillator sandwich was
cemented with epoxy to a 1-', -in. -diam)(~-in. -thick
Lucite light pipe. A coating of rejective paint was used
on both the sandwich and light pipe to obtain good
reQection and handling characteristics. The light pipe
was mounted on an RCA Xo. 8053 photomultiplier
(selected for low noise and high resolution) and the
pulse-height spectrum was recorded with a multi-
channel analyzer. A 3-in. X3-in. integral-mounted
NaI(Tl) crystal placed in front of the beta detector
served as a coincidence detector.

The spectrometer was calibrated by using internal-
conversion electrons of In"4~ (163 keV), In'"~ (363
keV), and Ba"'" (624 keV) in coincidence with their
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sec at the University of Michigan Ford Reactor. The
singles spectrum was taken using a xenon-filled pro-
portional counter, and the data were recorded with
a multichannel analyzer. The photon spectrum in
coincidence with the 17-keV x rays of Nb was also
obtained. In this case the x rays were detected by a
second xenon-filled proportional counter whose output,
after amplification, was fed into a single-channel
analyzer. Pulses from the single-channel analyzer
triggered a univibrator which in turn was used to gate
the multichannel analyzer. The resolving time of the
coincidence circuitry was about 3 @sec.
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FIG. 2. Fermi-Kurie plots for S", Co~, and Tc~. A shape factor of
p'+2.05'' was used to make the Tc99 plot linear.

7 For details of the source preparation and purification, see
Ref. 3.

E x rays. The linearity was found to be better than 1/o;
previous work' has shown that such a system is linear
down to below 50 keV. The resolution (full width at
half-maximum) of the Ba"'"K internal-conversion line
w~ 10.5%.

The source of the 2X10'-yr Nb" was produced by
neutron irradiation of spectroscopically pure niobium
metal powder. ~ Approximately 1 mg of the Nb~, in
the form of niobium metal, was dissolved in a solution
of HF and HNO~, which, with the addition' of 829,
glycerin, and SnC12, brought the total weight to
approximately 20 mg. Only 1.1 mg of this solution was
used to form the scintillator sandwich described earlier
and the counting rate obtained from the Nb'4 beta
activity was low enough to avoid possible difhculties
with accidental coincidences from either the Nb"
activity or with x rays from 12-yr Nb" present as a
contaminant.

The gamma-ray spectrum was observed by mean~ of
a 12-cc Li-drifted germanium detector obtained from
Nuclear Diodes Corporation, and the data were re-
corded with a multichannel analyzer. Comparison
sources of Co'y Cs

y
Mn

y Y p Na y and ThC"
were used for energy calibration.

Nb94na

To produce the 6.6-min Nb" activity, 5-mg samples
of "Specpure" Nb metal were irradiated for periods of
several minutes in a neutron flux of 4.5X10" n/cm'

III. EXPERIMENTAL RESULTS AND ANALYSIS

A. Nb~

Before analysis, all beta spectra were corrected for
the finite resolution of the spectrometer. ' Fermi-Kurie
plots were constructed utilizing values from published
tables' with outer screening corrections'~" being
applied in all cases.

To check the performance of the spectrometer,
spectra of 5.2-yr Co' (DI=1, no), 87-day p' (M=0,
no), and 2.1X10'-yr Tc" (M=2, no) were obtained.
The latter two nuclei decay by pure beta emission and
therefore coincidence measurements were not required
for them. After corrections were made for background
(less than 1%) S" yielded a Fermi-Kurie plot linear
down to approximately 50 keV with an end-point
energy of 169&2 keV. By using a shape factor" of
p'+gg' () =2.05~0.15) the Fermi-Kurie plot for Tc99

was also made linear above 50 keV and had an end-
point energy of 294&4 keV (p is the electron momentum,

q the neutrino momentum, and X a variable parameter).
These results are all in good agreement with currently
accepted values for these nuclei. '~"

The decay scheme of Co" is similar to that of Nb",
since Co" decays almost wholly by beta emission to the
2.50-MeV state of Ni" which then de-excites by the
emission of cascade gamma rays of 1.17 and 1.33 MeV.
By measuring the beta spectrum in coincidence with
the gamma sum peak at 2.50 MeV the effect of Compton
scattering of the gamma rays in the scintillator sand-
wich was avoided and the resultant Fermi-Kurie plot
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FIG. 3. Fermi-Kurie plots for Nb~ assuming allowed, second-
forbidden unique and second-forbidden non-unique shape factors.
The statistical errors are about the size of the dots, except at the
high-energy end of the spectrum.
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for Co" was found to be linear down to about 50 keV
with an end-point energy of 308+3 keV, a result in
agreement with other recent work. ' Linear Fermi-
Kurie plots for the three isotopes are shown in Fig. 2.

In the investigation of Nb", the beta spectrum was
measured in coincidence with the gamma-ray sum peak
at 1.57 MeV. Kith this arrangement the counting rate
was about 10 counts/sec. Fermi-Kurie plots were
made assuming an allowed transition, and 6rst-,
second-, or third-forbidden unique transitions with the
appropriate shape factors, " as well as a second-for-
bidden non-unique transition having a shape factor of
p'+xq~.

The only linear Fermi-Kurie plot (see Fig. 3) was
found for the shape factor corresponding to the second-
forbidden nonunique transition (51=2, no) with a
value of X=1.75&0.15 and an end-point energy of
470&6 keV. In particular, the shape factor corre-
sponding to a second-forbidden unique transition
(AI=3, no) yields a distinctly nonlinear Fermi-Kurie
plot, as shown in Fig. 3. Thus the beta spectrum of
2.0X10'-yr Nb'4 can be characterized by LA=2, no,
with an end-point energy of 4/0&6 keV and a logf/
of 12.

An analysis of the Nb'4 gamma-ray spectrum ob-
tained using the solid-state detector did not show the
presence of any new gamma rays, but did yield more
precise values of 702.6&0.5 and 871.3&0.5 keV for the
cascade gamma rays of Mo~. The value of 871.3 keV
is in good agreement with the recent result of Robinson
et a/. "who 6nd an energy of 871.1+0.7 keV for the
gamma ray emitted by Mo94 following Coulomb
excitation.

The spectrum also showed a sum peak having an
energy of 15'/2. 9&1.0 keV (Reich et ul. ' have placed an
upper limit of 0.03% for the intensity of the crossover
transition in agreement with earlier work'). A weighted
average of the sum of the energies of the individual
gamma rays and the value obtained from the sum peak
yields an energy of 1573.5+0.6 keV for the second
excited state of Mo".

+b94es

The singles spectrum of the 6.6-min Nb94™activity
taken with the xenon-6lled proportional counter showed
only the peak due to the 17-keV characteristic E x rays
of Nb. No evidence for other photons in coincidence with
these x rays was seen when the output of the second
proportional counter was used to gate the multichannel
analyzer. It was estimated that any coincident photons
lying in the range from about 4 to 40 keV would have
been detected with fair eKciency,

IV. DISCUSSION(

The results of this investigation further conirm the
spin and parity assignments proposed by Reich et ul. '
in the decay of the two Nb~ activities. In particular,
the beta decay of Nb" has been shown to proceed via
a second-forbidden non-unique transition (EI=2, no)
con6rrning the spin and parity assignment of 6+ to
the ground state of Nb~, based on the assumption that
the 1.5/-MeV state of Mo" is 4+. In addition, the
result of the survey of the low-energy photon spectrum
in the decay of Nb~ indicates that there is no inter-
mediate level between the 41-keV isomeric state and
ground state of Nb", thereby supporting the 3—
assignment to the 41-keV state of Nb'4. However, it
should be pointed out that the problems involved in
making configuration assignments to the two states in
Nb'4 still exist. '

Since the beta-spectrum shape in the decay of Nb'4
was observed, the end point could be determined with
fair precision which, together with the improved gamma-
ray energy measurements, allows the various energy
difI'erences in the decay scheme to be speci6ed more
accurately. An end-point energy of 470 keV for the
beta decay from the ground state of Nb" implies end-
point energies of 0.511 and 1.213 MeV for the beta
decay of the 6.6-min Nb94 to the 1.57- and 0.87-MeV

~ R. i. Robinson, P. H. Steison, F. K. McQowan, J. Q. C.
Ford, Jr., and W. T. Milner, Nucl. Phys. 74, 281 (1965).
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levels of Mo", respectively. With the beta branching
ratios found by Reich et al.' the logft value for the
beta transition to the 1.57-MeV level is 7.5, and 6.9
for the transition to the 0.87-MeV state.
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Measurements are reported on differential elastic scattering of neutrons of a few keV energy spread from
99.75+& 20spb in the energy region 0.715 to 1.761 MeV. The results include absolute differential cross sections
at 20 resonant and 9nonresonant energies. A least-squares phase-shif t analysis provides the resonance param-
eters and reduced widths of 21 resonances. The observed s~~2 potential-scattering phase shifts are in agree-
ment with those expected from a type of phenomenological potential which reproduces the single-particle
bound states of ~Pb. Parity assignments and widths of the J=-,' resonances are in disagreement with the
prediction for 5 intermediate states arising from two-particle one-hole neutron excitations. There are,
however, a number of resonances with widths corresponding to several percent of the single-particle limits
which are likely candidates for some sort of intermediate states.

INTRODUCTION

HE interaction of a nucleon with a closed-shell
nucleus is expected to give a relatively simple

spectrum. States near the ground states should be
essentially single-particle in character; the nucleon is
loosely bound to the relatively stable core. At somewhat
higher energies short-lived intermediate states should
appear for which the core is in simple states of excita-
tion. For "'Pb plus a neutron the low-lying states seen
in (d,p) stripping' can be described in terms of the shell
model. 2 Neutron scattering from 0Pb shows up a
number of resonances with widths consistent with those
expected for intermediate states. ' Of the over 100
resonances in the neutron total cross section up to 2.0-
MeV neutron energy, about one-third have widths
greater than 3 keV and are sufficiently isolated so that
their J value can be assigned. ~' Shakin' has compared
the widths of 6 observed J=-', resonances' with widths
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calculated under the assumption that these were s~~2
intermediate states arising from two-particle one-hole
neutron excitations in ~'Pb. He found order of Inagni-
tude agreement. Of course, from total cross-section
data, one in general deduces only J values and total
widths. Angular distributions are necessary to assign
l values and reduced neutron widths. This paper is
concerned with the experiment designed to obtain such
angular distributions, with the partial-wave phase-
shift analysis of the diGerential scattering, and with
the conclusions to be drawn from such analysis.

EXPERIMENT AND RESULTS

In order to measure differential cross sections at the
resonances in '~Pb special apparatus had to be de-
signed. ' In the first place, the required 3-keV energy
spread is about a factor of 5 to 10 times smaller than
was customary in this type of work. Furthermore, the
quantity of 208Pb separated isotope available (
mole) was at least a factor of 2 less than that used in
such previous experiments with light elements at
resonant energies. '

Figure 1 is a drawing of the apparatus built to do this
job. The neutron source is the 'Li(p, n)'Be reaction pro-

' J. L. Fowler, Bull. Am. Phys. Soc. 7, 576 (1962).' M. D. Goldberg, V. M. May, and J. R. Stehn, Brookhaven
National Laboratory Report No. BNL 400, 1962, 2nd ed. (un-
published).


